ABSTRACT. The detailed information between plasma N-terminal pro B-type natriuretic peptide (NT-proBNP) concentrations and dogs with pulmonic stenosis (PS) is still unknown. The aim of the present study was to investigate the clinical utility of measuring plasma NT-proBNP concentrations in dogs with PS and to determine whether plasma NT-proBNP concentration could be used to assess disease severity. This retrospective study enrolled 30 client-owned, untreated dogs with PS (asymptomatic [n=23] and symptomatic [n=7]) and 11 healthy laboratory beagles. Results of physical examination, thoracic radiography and echocardiography were recorded. Plasma NT-proBNP concentrations were measured using commercial laboratories. Compared to the healthy control dogs, cardiothoracic ratio was significantly increased in dogs with both asymptomatic and symptomatic PS. Similarly, the ratio of the main pulmonary artery to aorta was significantly decreased in dogs with both asymptomatic and symptomatic PS. The pulmonic pressure gradient in the symptomatic PS dogs was significantly higher than that in the asymptomatic PS dogs. Plasma NT-proBNP concentration was significantly elevated in the symptomatic PS dogs compared to the healthy control dogs and the asymptomatic PS dogs. Furthermore, the Doppler-derived pulmonic pressure gradient was significantly correlated with the plasma NT-proBNP concentration (r=0.78, r 2 =0.61, P<0.0001). Plasma NT-proBNP concentration >764 pmol/l to identify severe PS had a sensitivity of 76.2% and specificity of 81.8%. The plasma NT-proBNP concentration increased by spontaneous PS, i.e. right-sided pressure overload and can be used as an additional method to assess the severity of PS in dogs. Pulmonic stenosis (PS) is a common congenital heart disease in dogs, which can be classified into 3 types including subvalvular, valvular or supravalvular stenosis [10, 17] . Of these, the valvular stenosis is the most commonly recognized congenital form of PS [9] . In severe cases, it results in right-sided heart failure and causes the clinical symptom, such as exercise intolerance and syncope [4, 11] . Echocardiographic examination is essential method to diagnose the PS in dogs [10, 17] . Continuous wave Doppler is using to assess the pressure gradient (PG) across the pulmonic valve, which indicates the severity of stenosis [9, 14, 21, 28] . The main limitation of Doppler-derived PG is that they require a high technique of echocardiography. In addition, clinical examination might be difficult in case of excitation, panting or need of emergency cardiac treatment. Thus, there is a pressing need for a simpler tool to determine the hemodynamic severity of PS in dogs.
Pulmonic stenosis (PS) is a common congenital heart disease in dogs, which can be classified into 3 types including subvalvular, valvular or supravalvular stenosis [10, 17] . Of these, the valvular stenosis is the most commonly recognized congenital form of PS [9] . In severe cases, it results in right-sided heart failure and causes the clinical symptom, such as exercise intolerance and syncope [4, 11] . Echocardiographic examination is essential method to diagnose the PS in dogs [10, 17] . Continuous wave Doppler is using to assess the pressure gradient (PG) across the pulmonic valve, which indicates the severity of stenosis [9, 14, 21, 28] . The main limitation of Doppler-derived PG is that they require a high technique of echocardiography. In addition, clinical examination might be difficult in case of excitation, panting or need of emergency cardiac treatment. Thus, there is a pressing need for a simpler tool to determine the hemodynamic severity of PS in dogs.
B-type natriuretic peptide (BNP) consists of 32 amino acids and is involved in the regulation of body fluid homeostasis and blood pressure [22] . A precursor protein is produced in the ventricular myocardium in response to wall stretching and cleaved into BNP and inactive N-terminal proBNP (NTproBNP) before secretion [16, 22] . Previous studies have reported that the plasma BNP and NT-proBNP concentration increased in dogs with left-sided heart failure, which provide the information related to the disease severity and prognosis of heart failure [6, 7, 20, 25] . Similarly, Baumwart et al. reported that the plasma BNP concentration increased in Boxers with arrhythmogenic right ventricular cardiomyopathy [1] . Thus, measurement of plasma NT-proBNP concentration is expected as a simpler tool to determine the severity of heart failure in dog.
Ventricular pressure overload is thought to be a cause of synthesis and secretion of BNP and NT-proBNP from ventricle into circulation [5, 13, 27] . Previous human medical studies showed that plasma BNP concentrations were elevated in patients with asymptomatic right ventricular (RV) pressure overload compared to the healthy subjects [26] . Plasma BNP concentrations correlated negatively with ejection fraction and positively with mean pulmonary artery pressure and RV end-diastolic pressure [15, 18] . Because PS causes RV pressure overload [19] , these results lead to the speculation that measurements of plasma NT-proBNP concentrations can be useful to diagnose and estimate the severity of PS in dogs. However, the detailed information between plasma NT-proBNP concentrations and dogs with PS is still unknown. The purpose of the present study reported here was to investigate the clinical utility of measuring plasma NT-proBNP concentrations to predict the severity of PS in dogs. 
MATERIAL AND METHODS

Dogs:
All the 41 dogs of the study (11 healthy laboratory beagles and 30 dogs with PS) were examined between April 2010 and April 2013 at the Chimura Veterinary Hospital and Kitasato University Veterinary Teaching Hospital. The study followed the guideline for Institutional Laboratory Animal Care and Use of the School of Veterinary Medicine at Kitasato University, Japan.
Clinically healthy dogs were recruited from healthy laboratory beagles. Beagle dogs of both genders (3 males and 8 females), aged 2.0-8.0 years and weighing 8.8-13.0 kg, were enrolled as study subjects. These dogs were determined to be healthy on the basis of physical examinations, thoracic radiography and echocardiography.
Dogs with PS were enrolled based on the results of physical examination, thoracic radiography and echocardiography. Owners provided informed consent before their dogs participated in the study. Inclusion criteria for thirty dogs with PS were presence of systolic murmur and confirmation of the diagnosis by echocardiography. All owners were asked detailed questions on whether dogs had received previous treatment for PS. Untreated dogs with PS were enrolled in the present study. These dogs were divided into asymptomatic PS and symptomatic PS groups according to presence or absence of clinical symptoms (i.e. syncope and overt exercise intolerance). Exclusion criteria for the study were other heart diseases, infection and systemic diseases. After all examinations were completed, if necessary, dogs received medical treatment for PS.
Thoracic radiography and echocardiography: Cardiothoracic ratio and vertebral heart score were evaluated using thoracic radiography according to the method described previously [3, 12] . Echocardiographic examinations were performed by 2 experienced sonographers (YH and SC) using ultrasonographic unit with a 7.5 to 12-MHz probe. Echocardiographic examinations were performed without sedation or anesthesia in a quiet examination room. Echocardiographic diagnosis of PS was made on the basis of morphological abnormality and color flow Doppler echocardiographic evidence of abnormal flow. The ratio of the main pulmonary artery to aorta (PA/Ao) was measured in the right parasternal short-axis view. PA/Ao ratio was obtained at the Q wave or the onset of QRS complex of the electrocardiography. Peak systolic pulmonary flow velocities were measured using continuous wave Doppler echocardiography with the sample volume positioned at the tip of the pulmonic valve leaflets in the right parasternal short-axis view. The size of the Doppler sample volume was set at an axial length of 2 mm. The trans-pulmonic valve PG was calculated by modified Bernoulli's equation (PG=4 × (peak PS velocity 2 ) [28] .
Plasma NT-proBNP measurements: Blood samples for determining of NT-proBNP concentrations were collected from the jugular vein. The blood samples were collected in an ethylene diamine tetraacetic acid tube containing aprotinin and centrifuged immediately for 15 min at 4°C and 3,500 rpm, and the plasma was separated and stored at −80°C until the assays were performed. Plasma NT-proBNP concentrations were measured using an enzyme immunoassay for canine NT-proBNP by commercial laboratories (Cardiopet proBNP, IDEXX Laboratories, Westbrook, ME, U.S.A.). The maximum assay sensitivity of NT-proBNP was 3,000 pmol/l. Plasma NT-proBNP concentration over measurement limit was deemed 3,000 pmol/l, because of statistical analysis.
Statistical analysis: All values are expressed as median [min-max]. A Kruskal-Wallis test was used to analyze distributed data among groups (age, body weight, radiographic measurements, echocardiographic measurements and plasma NT-proBNP concentrations) followed by Dunn's test for multiple comparisons. The Mann-Whitney U test was used to determine statistical significance between asymptomatic group and symptomatic group in the PS flow velocity and pulmonic PG. Spearman's nonparametric correlation analysis was applied to compare the pulmonic PG with the plasma NT-proBNP concentrations, radiographic measurements or echocardiographic measurements. Stepwise regression analysis was used to determine the pulmonic PG that correlated best with specific Doppler variables. Values of F>2.0 were considered significant. Receiver-operating characteristic analyses were used to assess the predictive accuracy of plasma NT-proBNP concentrations for identification of dogs with severe PS (pulmonic PG>70 mmHg) [10, 11] . We determined the cutoff value that resulted in the highest sensitivity and specificity. A value of P<0.05 was considered to indicate statistical significance.
RESULTS
The study population of thirty dogs consisted of 8 Chihuahuas; 7 Pomeranians; 6 French Bulldogs; 2 mixed-breed dogs and the remaining dogs represented 7 other breeds. These dogs were divided into 2 groups based on clinical signs: asymptomatic (n=23) and symptomatic (n=7). Although the diagnosis could be obtained from results of B-mode with color Doppler flow echocardiography and pulmonic PG, there were not recorded the PA/Ao ratio at five dogs: asymptomatic (n=3) and symptomatic (n=2). The distribution of the sex, age and physical examination among the groups is shown in Table 1 .
Thoracic radiographic and echocardiographic data among groups are shown in Table 2 . The vertebral heart score was not changed among groups. In contrast, cardiothoracic ratio was significantly higher in the asymptomatic and symptomatic PS dogs than in the healthy control dogs (each P<0.001). The PA/Ao ratio was significantly decreased in dogs with asymptomatic and symptomatic PS dogs, compared with the healthy control dogs (each P<0.01). Both PS flow velocity and pulmonic PG in the symptomatic PS dogs were significantly higher than those in the asymptomatic PS dogs (each P<0.005).
Compared with the healthy dogs, plasma NT-proBNP concentration was significantly elevated in the symptomatic PS dogs (485 [55-1,181] pmol/l vs. 3,000 [1,108-3,000] pmol/l; P<0.01), whereas plasma NT-proBNP concentration in the asymptomatic PS dogs was insignificantly elevated (450 [50-3,000] pmol/l; Fig. 1 ). Furthermore, plasma NTproBNP concentration was significantly higher in the symptomatic PS dogs than in the asymptomatic PS dogs (P<0.01).
The pulmonic PG, which indicates hemodynamic severity of stenosis [23] , was not correlated with vertebral heart score and PA/Ao ratio. In contrast, the pulmonic PG was positively correlated with cardiothoracic ratio (r=0.46, P<0.013; Table  3 ). Moreover, the pulmonic PG was highly correlated with the plasma NT-proBNP concentration (r=0.78, r 2 =0.61, P<0.0001; Fig. 2 ). Stepwise regression analysis revealed that the plasma NT-proBNP concentration (F=2.5) and cardiothoracic ratio (F=2.1) could be used to predict the pulmonic PG (r 2 =0.71; P<0.0001). Sensitivity and specificity for identifying dogs with severe PS (PG>70 mmHg) at cutoff values were determined. Use of a plasma NT-proBNP concentration>764 pmol/l to identify severe PS had a sensitivity of 76.2% and specificity of 81.8%. The area under the curve of plasma NT-proBNP was 0.83 (95% confidence interval, 0.68 to 0.93; P<0.0001).
DISCUSSION
The stenosed pulmonic valve is well recognized to increase the RV systolic pressure, which induces RV pressure overload [10, 19] . In addition, human patients with RV pressure overload, i.e. transposition of the great arteries, tetralogy of Fallot and PS, are known to induce significant elevation of the plasma BNP concentration [15, 26] . Even if mild RV pressure overload (RV systolic pressure over 35 mmHg), plasma concentration of BNP in the human patients was significantly higher than that of the healthy controls [26] . These results suggest that ventricular pressure overload stimulate the synthesis and secretion of BNP and NT-proBNP into circulation [5, 13, 27] . Although Saunders et al. reported All data are described as median values [min-max]. PA/Ao ratio, the ratio of the pulmonary artery to the aorta; PS, Pulmonic stenosis; PG, pressure gradient. †; P<0.01 vs. healthy controls, ‡; P<0.001 vs. healthy controls, §; P<0.005 vs. asymptomatic PS. Fig. 1 . Comparison of the plasma NT-proBNP concentrations among groups. The plasma NT-proBNP concentration was significantly higher in the symptomatic PS group than in the healthy controls and the asymptomatic PS groups. The plasma NT-proBNP concentration in the asymptomatic PS group was insignificantly higher than the healthy controls group. †; P<0.01 vs healthy controls, #; P<0.01 vs asymptomatic PS. PA/Ao ratio, the ratio of the pulmonary artery to the aorta; NT-proBNP, N-terminal pro B-type natriuretic peptide.
that serum concentration of cardiac troponin I increased in 7 of 23 dogs with severe PS [23] , however, no information has previously been reported regarding plasma NT-proBNP concentrations in dogs with PS. In the present study, we firstly demonstrated that plasma NT-proBNP concentration in dogs with symptomatic PS was significantly higher than those of healthy controls and dogs with asymptomatic PS. These results suggest that PS is one of the causes to elevate circulating NT-proBNP in dogs, and plasma NT-proBNP concentration is elevated in sympathetic dogs with PS. The hemodynamic severity of stenosis is most important information to assess the disease severity and prognosis of PS in human patients and dogs [10, 24] , which can be determined by cardiac catheterization or echocardiography. However, invasive assessment is uncommonly available in veterinary medicine, because they require general anesthesia and carry a risk of life-threatening complications. In contrast, the continuous wave Doppler-derived peak PG system, which measures the PG across the pulmonic valve as an indirect assessment of hemodynamics [8, 14, 21, 28] , is essential method to diagnose the severity of PS in dogs [10, 17] . Francis et al. reported that the Doppler-derived PG increases in proportion to the degree of PS in dogs [10] . Doppler-derived PG of more than 60 mmHg is related to poor prognosis [4, 10, 11] and was associated with 86% sensitivity and 71% specificity of predicting cardiac death in dogs with PS [10] . In our present study, the pulmonic PG in the dogs with symptomatic PS was significantly higher than that in the asymptomatic PS, which was supported by previous studies [4, 10, 11] . Furthermore, we firstly demonstrated that the plasma NT-proBNP concentration in the PS dogs was highly correlated with the pulmonic PG. Stepwise regression analysis revealed that the plasma NT-proBNP concentration and cardiothoracic ratio could be used to predict the pulmonic PG. Use of a plasma NT-proBNP concentration >764 pmol/l to identify severe PS had a sensitivity of 76.2% and specificity of 81.8%. These results indicate that the plasma NT-proBNP concentration is useful for assessment of the hemodynamic severity of PS in dogs.
Limitations: Because our retrospective study was limited by the small sample size and we could not exclude the possibility that differences of breed and body weight may have affected the results, a study with a larger sample size will be required. In addition, because the pulmonic PG to assess pulmonic stenosis will lead to a systematic overstatement of the severity of the stenosis [24] , a precise hemodynamics, i.e. invasive hemodinamic data, is required to discuss detailed relationship with the plasma NT-proBNP concentraiton. The effects of PS on the plasma NT-proBNP concentrations should be interpreted with caution, because several factors affect serum NT-proBNP concentrations, including systemic pressure, age and renal function [2, 5] .
Conclusions: Plasma NT-proBNP concentration in dogs with symptomatic PS was significantly higher than those of healthy controls and dogs with asymptomatic PS. Furthermore, the plasma NT-proBNP level was significantly correlated with the pulmonic PG. Our results suggested that the plasma NT-proBNP concentration can be used as an additional method to assess the hemodynamic severity of PS. A further study will be required to determine the diagnostic value, sensitivity and specificity to assess severity of PS in dogs.
